I. INTRODUCTION
The efficiency of organic light-emitting diodes ͑OLEDs͒, which are currently being developed for display 1, 2 and lighting 3 applications depends crucially on the electron and hole mobilities. In single-layer OLEDs with ideally injecting contacts, e.g., the ratio between the electron and hole mobilities determines the shape of the recombination profile, 4 and thereby the outcoupling efficiency. 5 Furthermore, the shape of the recombination profile is determined by the detailed functional dependence of the mobility on the electric field, the charge carrier concentration, and the temperature. Similarly, in the case of multilayer OLEDs, with a central emissive layer that can consist of sublayers with different emission colors, the electron and hole mobilities in the central layer determine the recombination profile, 6 and thereby the emission color.
At present, a lack of consensus on the proper physical description of the hopping mobility in realistic OLED systems hampers progress toward a quantitative model with predictive value for the current density and luminance as a function of the voltage. On the one hand, it has been proposed that the mobility is determined by the activation energy for polaron hopping between essentially equivalent "transport sites," which may be associated with single molecules or ͑in a polymer͒ with conjugated segments. 7 A distinct signature of this hopping process would be the observation of a 1 / T dependence of the logarithm of the mobility, . On the other hand, it has been argued that the mobility in actual organic semiconductors is predominantly determined by the energetic disorder of the transport sites. For the case of a Gaussian density of states ͑DOS͒, Bässler and coworkers found from Monte Carlo calculations that within this Gaussian disorder model ͑GDM͒ the logarithm of the mobility at small carrier concentrations, for which the carriers act as independent particles ͑Boltzmann limit͒, varies as 1 / T 2 . 8, 9 Studies of the temperature dependence of the hole mobility in organic electronic materials, e.g., from time-of-flight measurements, 10 dark-injection transients 11 or from steadystate current-voltage ͓J͑V͔͒ measurements 12, 13 have provided support for both types of models. 12 Additionally, an increase in the mobility is often found from experiments with increasing bias voltage. Conventionally, this is attributed to an exponential electric-field dependence of the mobility, as given by the so-called Poole-Frenkel factor ͑see Eq. ͑1͒ in Sec. III A͒. 8, 12, [14] [15] [16] [17] [18] From work on inorganic semiconductors it has already been known for a long time that disorder not only affects the temperature and field dependence of the mobility, but also leads to a carrier-concentration dependence ͑see Ref. 19 and references therein͒. For transport in organic semiconductors, this effect has been demonstrated first by Vissenberg and Matters who studied organic field-effect transistors. 20 The mobility was analyzed assuming transport in an exponential DOS. In materials used in OLEDs, the effect also plays an important role, as demonstrated, e.g., by Maennig et al. 21 for p-doped organic semiconductors used as injection layers. These results were explained assuming an exponential DOS ͑Ref. 21͒ or a Gaussian DOS. 22 For undoped sandwich-type diodes, based on the polymer poly͑p-phenylene vinylene͒ ͑PPV, frequently used in OLEDs͒, the importance of the effect was first demonstrated by Tanase et al. 23 At a sufficiently small carrier concentration the mobility was found to be constant, and above a certain cross-over concentration the mobility was found to increase with increasing concentration.
These experimental findings for PPV can be well explained using the extended Gaussian disorder model ͑EGDM͒ introduced by Pasveer et al. 24 ͑see also Ref. 25 and references therein͒. It follows from the EGDM that such a transition is expected for carrier concentrations above the concentration beyond which the carriers can no longer be considered as independent particles. In contrast, polaron models do not predict a carrier-concentration dependence of the mobility. 26 A drift-diffusion device model which includes the carrier-concentration dependence of the mobility in a Gaussian DOS was first presented by Roichman et al. 27 Recently, an extensive modeling study of the consequences of Gaussian disorder on the J͑V͒ curves was carried out by Van Mensfoort and Coehoorn. 28 The authors showed that, if in the analysis the carrier density dependence of the mobility is ͑incorrectly͒ neglected, the resulting apparent mobilities are strongly layer thickness dependent. A similar conclusion was given by Craciun et al. 29 from an analysis of experimental J͑V͒ curves for a series of hole-only devices with different thicknesses, based on poly͑2-methoxy,5-͑2Ј-ethyl-hexoxy͒-p-phenylene vinylene͒ ͑MEH-PPV͒, using a more phenomenological mobility model. In spite of this progress, it is presently not well established ͑i͒ to what extent the mobility as predicted within the EGDM can consistently describe the J͑V͒ curves of commonly used organic semiconductors, ͑ii͒ how extended the experimental set of available steady-state J͑V͒ curves should be in order to be able to discriminate between the EGDM and a "conventional" mobility model that neglects the carrier-concentration dependence of the mobility and assumes a Poole-Frenkel field dependence of the mobility, and ͑iii͒ why commonly used methods for analyzing the experimental data often lead to a 1 / T temperature dependence of the mobility, even when there is clear evidence of the predominant role of disorder.
The purpose of this paper is to address these three issues by performing a detailed quantitative analysis of the temperature, layer thickness, and voltage dependence of the current density for sandwich-type hole-only devices containing a polyfluorene ͑PF͒-based organic semiconductor. PF-based polymers are a promising candidate for application in blue polymer LEDs and are a widely studied class of polymers. 11, 14, 30, 31 The materials studied in this paper have been used in the 13Љ full-color OLED-TV display demonstrated by Philips in 2005. 32 Also, blue-emitting organic materials are key as a matrix material in most common white OLEDs. First, it is shown that the EGDM provides a fully consistent description of all experimental data, whereas an analysis of the data using a "conventional" approach with a carrier-concentration-independent mobility with a field dependence as described by a Poole-Frenkel factor cannot consistently explain all data. Second, we show that a variation of the device thickness is necessary to distinguish between the conventional mobility model and a carrier-concentrationdependent mobility model, in agreement with the conclusions presented by Blom et al. for PPV-based hole-only devices. 33 In order to arrive at these two conclusions, we have extended previous analyses of the validity of various mobility models in several directions. In a preliminary study, we have analyzed the hole mobility in the PF polymers using only the conventional model, 34 and neglecting charge carrier diffusion. In the work by Pasveer et al. 24 on PPV-based devices, an analysis of J͑V͒ curves PPV-based hole-only devices within the EGDM was carried out, but also neglecting diffusion. Furthermore, that study was limited to only one layer thickness. In the work of Blom and coworkers on PPV-based hole-only devices 29, 33 the quantitative analyses were limited to room-temperature measurements, and the J͑V͒ curves were not analyzed using the EGDM but, instead, by a more phenomenological approach. In our present analysis, we do not only consider the layer thickness and temperature dependence of the J͑V͒ curves, but we also include, for the first time, a comparison with the predictions based on the EGDM and a conventional model for the mobility. Furthermore, all analyses given here are carried out using a drift-diffusion device model. 28 Thereby, we have been able to significantly extend the voltage range used for critically analyzing the validity of both models, to values well below the built-in voltage, V bi .
The third issue, on the 1 / T versus 1 / T 2 paradox in the temperature dependence of the mobility, is addressed by reanalyzing the measured J͑V͒ curves using an approach that is often employed for quickly deducing the mobility from the raw data. Recently, Craciun et al. 35 applied such an ͑over-simplified͒ analysis to a large number of disordered organic semiconductors and showed ͑i͒ that this leads to a 1 / T dependence of the effective low-field mobility, ͑ii͒ that the effective mobility at each given temperature depends on the device thickness, and ͑iii͒ that in the infinite temperature limit the mobility extrapolates to a single value which is independent of the thickness ͑and even of the material͒. The authors suggested that these findings can be explained from the EGDM. An analysis of our data, carried out similarly as in Ref. 35 , indeed reveals a 1 / T dependence of the effective mobility for the temperature range studied. Furthermore, we predict from the EGDM that the effective mobility is indeed strongly thickness dependent, even up to very large thicknesses. However, in contrast to the findings reported by Craciun et al., we show that within the EGDM the log͓͑1 / T͔͒ curves for different thicknesses do not extrapolate to a single value for 1 / T → 0, but instead are tangents to a parabolic log͑ 0 ͒ ϰ 1 / T 2 curve, where 0 is the low-field mobility in the low-carrier density ͑Boltzmann͒ limit. The effective 1 / T dependence is shown to be the result of the carrier-concentration dependence of the mobility, as suggested already by Coehoorn et al. 25 In Sec. II the sample preparation and measurement techniques are outlined, and the measured J͑V͒ curves are presented. Section III discusses the analysis of these results using the conventional mobility model and using the EGDM. The method to determine the optimal model parameters is outlined. In Sec. IV, the origin of the apparent 1 / T dependence of the mobility is discussed. Section V contains a summary and conclusions.
II. EXPERIMENTAL RESULTS
For fabricating the sandwich-type hole-only devices studied, a hole-conducting layer of poly͑3,4-ethylenedioxythiophene͒:poly͑styrenesulphonic acid͒ ͑PEDOT:PSS͒ ͑Ref. 36͒ of 100 nm is deposited under clean room condi-tions by spincoating on precleaned glass substrates patterned with indium tin oxide ͑ITO͒. After drying, the PEDOT:PSScoated substrate is annealed at 200°C for 10 min to evaporate the solvent ͑water͒. Subsequently, the polyfluorenebased light-emitting polymer ͑LEP͒ layer is deposited by spincoating from a toluene solution in a nitrogen glovebox, resulting in LEP layer thicknesses L in the range 60-125 nm. The LEP layer thicknesses were determined from step-height measurements using a Veeco™ Dektak stylus profilometer. In a high-vacuum environment palladium is evaporated through a mask to form ϳ100 nm-thick top electrodes. The total sample structure is thus ͑glass͉ITO͉PEDOT: PSS͉LEP͉Pd͒. To protect the devices from water and oxygen contamination, the devices are encapsulated using a metal lid enclosing a desiccant getter. For each LEP layer thickness 27 nominally identical 3 ϫ 3 mm 2 devices were prepared on a single substrate. The LEP is a blue-emitting polymer, from the Lumation™ Blue Series, supplied by Sumation Co., Ltd. The polymer consists mainly of fluorene units, with copolymerized hole transport ͑HT͒ units that facilitate injection of holes from the anode. The energy levels of the highest occupied molecular orbitals ͑HOMOs͒ and lowest unoccupied molecular orbitals ͑LUMOs͒ of the PF and HT units, and the chemical structure of the PF units are schematically shown in Fig. 1 . 34 From cyclic voltammetry ͑CV͒ and x-ray photoemission spectroscopy ͑XPS͒ measurements, the polyfluorene HOMO energy is known to be 5.8 eV, leading to a large injection barrier from the PEDOT:PSS electrode. 34 The hole transport takes place via the HT units, for which the HOMO energy ͑5.2 eV from CV measurements 34 ͒ is well separated from that of polyfluorene. In contrast to polymers like PPV derivatives, where holes are delocalized over several chain segments, the holes on the PF-based copolymer used are localized on the HT units, which are present in a concentration well above the threshold which ensures "guest-to-guest" transport. 15 As all available transport models are based on the assumption of hopping between localized sites, the semiconductor studied is a very suitable model material for comparing the suitability of various transport models. In a double carrier device based on this polymer, the electron transport takes place via the LUMO of the PF units, at 2.1 eV. 34 The devices with Pd electrodes, used in this study, were found to properly function as single carrier devices. No light emission was detected up to the highest voltages used, indicating the presence of a sufficiently large electron injection barrier at the cathode. Analyses of the J͑V͒ curves yield a built-in voltage, V bi , of approximately 1.9 V ͑see Sec. III B͒, which would yield an effective Fermi energy of ϳ3.2 eV for the Pd cathode. This is much smaller than as expected from its vacuum work function ͑ϳ5.1 eV͒. Similar differences between the vacuum work function and the effective work function of metal electrodes in organic devices have been observed in many other studies. 37 Current-voltage measurements as a function of temperature are performed using a LabView controlled Keithley 2400 SourceMeter. The temperature is controlled by a feedback system, consisting of a cooled nitrogen flow, a heater, a Thermocoax 2AB25 thermocouple ͑type K͒ on the substrate and an Oxford Intelligent Temperature Controller ITC4. The temperature is kept constant during each measurement and is set per measurement in the range −120 to +20°C. Fourpoint impedance spectroscopy measurements were performed using a Schlumberger SI-1260 Impedance/GainPhase Analyzer to determine the capacitance of the diodes at low frequencies. From the geometrical capacitance, typically measured at small negative and small positive voltages, the dielectric constant, r , of the polymer in thin film was determined using the thicknesses from the step-height measurements, leading to r = 3.2Ϯ 0.1. Figure 2 shows the J͑V͒ curve of a hole-only diode with a thickness of 122 nm measured at room temperature ͑open circles͒. The results of all 27 devices of this thickness on one substrate are almost identical, with variations smaller than a factor of 2 in the current. For small voltages, the current density is symmetric around V = 0 V and shows a linear voltage dependence ͑Ohmic͒. This current is commonly attributed to either ͑i͒ leakage paths through the organic layer, ͑ii͒ leakage paths inherent to the sample structure, ͑iii͒ intrinsic conduction due to impurities in the organic layer, or to ͑iv͒ minority carrier injection, 38 and is commonly called a "leakage current." We corrected the measured J͑V͒ curve for the extrapolated leakage current obtained by a linear fit to the current in the low-voltage regime ͑dashed line͒. The resulting J͑V͒ curves ͑solid line͒ are used for further analysis. Figure 3 shows the corrected J͑V͒ curves ͑open circles͒ for the same device for temperatures in the range 150-295 K, in steps of approximately 20 K.
III. ANALYSIS OF J(V) CURVES

A. Analysis assuming the conventional mobility model
Within conventional mobility models ͑see, e.g., Refs. 7͑c͒, 8, 12, 14-18, and 39͒, the mobility is assumed to be field dependent as described by "F͑x͒,T… = 0 ͑T͒exp͓␥͑T͒ ͱ F͑x͔͒.
͑1͒
Here 0 is the mobility at field F = 0, and x is the position within the LEP layer. In the exponential Poole-Frenkel factor, the temperature-dependent parameter ␥ determines the field dependence. Within the simplest possible approach, the field dependence of the mobility is neglected, only the drift contribution to the current density is taken into account ͑no diffusion͒, and the contacts are assumed to be ideal ͑infinite carrier density at the injecting interface͒. The relation between the current density and the voltage in a single carrier device is then given by the Mott-Gurney ͑MG͒ square law
for V Ͼ V bi , with 0 as the vacuum permittivity. The dotted curve in Fig. 2 shows the result of an analysis using this expression, with V bi = 1.38 V ͑here͒, which gives rise to an optimal fit for intermediate voltages ͑around 2 V͒. Below 1.4 V and above 2.5 V the experimental J͑V͒ curve deviates significantly from the MG relation. The quality of the fit is improved by including diffusion, which gives rise to an important additional current density at voltages below and around V bi , and by making use of Eq. ͑1͒, which provides a better description of the data at high voltages. Analyses of J͑V͒ curves using the MG relation often involve the choice of an empirical value of V bi , in order to obtain a good fit at V Ͼ V bi . When properly taking diffusion into account, such an approach is no longer necessary, as the full J͑V͒ curve can be simulated, also for V Ͻ V bi . This makes it possible to more critically assess the validity of proposed transport models. We incorporated Eq. ͑1͒ in a recently developed efficient drift-diffusion model, 28 which simultaneously solves the current continuity equation and the Poisson equation. For each temperature, we determine the values of 0 and ␥ that best fit the experimental data in Fig. 3͑a͒ . V bi was taken equal for all temperatures. The hole injection barrier at the anode is assumed to be small ͑Յ0.1 eV, see Fig.  1͒ and is believed not to limit hole injection. The calculations are performed using a hole density at the anode p͑0͒ equal to 1.8ϫ 10 26 m −3 , which is equal to the estimated density of hole transporting units in the polymer. 34 We find that a change of p͑0͒ over approximately one order of magnitude does not significantly change the J͑V͒ results. The carrier density at the cathode, p͑L͒, follows then from V bi , using p͑L͒ = p͑0͒exp͓−eV bi / ͑k B T͔͒, with e as the elementary charge and k B the Boltzmann constant.
The full lines in Fig. 3͑a͒ show the best fits to the experimental curves for the 122 nm devices. We find V bi = 1.62Ϯ 0.05 V. This value is in excellent agreement with the built-in voltage determined from an analysis of capacitance-voltage experiments on the same samples, assuming the conventional model. 41 Figure 4 shows the temperature dependence of 0 and ␥. These parameters follow an empirical 1 / T temperature dependence, as observed for many other organic semiconductors. 12, 17, 42 It is clear from the solid curves in Fig. 3͑a͒ that this approach leads to excellent fits for this single device thickness. To ultimately test the validity of the conventional model, we varied the thickness of the active layer. The parameters optimized for the thickest device ͑122 nm͒ were used to predict the J͑V͒ outcome for thinner devices. Figures 5͑a͒ and 5͑b͒ show the experimental and modeled J͑V͒ curves, using the conventional mobility model, for L = 122, 98 and 67 nm at room temperature and at 170 K, respectively. For the 98 and 67 nm devices, the calculated J͑V͒ curves seem to properly describe the measured room-temperature data at low voltages. However, above 2.5 V ͑7.5 V͒ for the 67 nm ͑98 nm͒ device, the calculations underestimate the current density. At 170 K, the deviations are even more pronounced. Already at low voltages the model then fails to describe the J͑V͒ curves of the thinner devices.
It is highly unlikely that the discrepancies between the measurements and the predictions are caused by the manifestation of an injection limitation, instead of being an indication of the failure of the conventional model. The effect of an injection limitation increases with decreasing layer thickness, so that one would then expect that the parameter set which provides the best fit for the thickest device would overestimate the current density for the thinner devices. However, the observed trend is opposite. We therefore conclude that the analysis clearly proves that the conventional model fails to consistently describe the effect of a thickness variation on the J͑V͒ curves.
B. Analysis using the extended Gaussian disorder model
Within the extended Gaussian disorder model, introduced by Pasveer et al., 24, 25 the mobility in disordered organic semiconductors does not only depend on the electric field, but, for realistic disorder parameters, also strongly on the charge carrier density. The mobility depends on the width of the Gaussian density of states, , the total volume density of transport sites, N t , and the decay length of the localized wave functions of the states in between which hopping takes place. As motivated in Ref. 24 , we assume that this length is a factor of 10 smaller than the average intersite distance, a = N t −1/3 . In Ref. 25 , it has been shown that the actual value of the decay length has no effect on the carrier-concentration dependence of the mobility, and has only a limited effect on the shape of the temperature dependence. As shown in Ref. 24 , the mobility can be written as ͑p,F,T͒ = 0,EGDM ͑T͒f͑F,T͒exp ͫ
where 0,EGDM is the mobility in the F = 0 and zero carrier density limit, = / ͑k B T͒ is the dimensionless disorder parameter, ␦ =2͓ln͑ 2 − ͒ −ln͑ln 4͔͒ / 2 , and where the field dependence of the mobility is given by f͑F,T͒ = exp͓0.44͑ 3/2 − 2.2͔͒ͫͱ1 + 0.8ͩ eaF
͑4͒
The carrier concentration and electric-field-dependent diffusion coefficient is given by the generalized Einstein equation 43 
D͑p,F,T͒
where E F is the Fermi energy. The function p͑E F ͒ follows from the filling of the Gaussian DOS, using Fermi-Dirac statistics. We note that the mobility depends on the position in the device, via the x-dependence of p and F. For small carrier concentrations, within the so-called Boltzmann regime, the mobility is independent of the carrier density, and there is no enhancement of the diffusion coefficient beyond the value expected from the standard Einstein equation ͑D = k B T / e͒. Within this regime, the carriers may be viewed as independent particles. Above a certain crossover concentration, the mobility increases with increasing concentration. The deepest sites in the tail of the Gaussian DOS can then no longer act as effective trap sites, as they are with a high probability already occupied by carriers. A detailed discussion of the mobility in a Gaussian DOS, and of the carrier concentration and field dependence of the mobility and diffusion coefficient as a function of / ͑k B T͒, is given in Refs. 25 and 28, respectively. In OLEDs based on materials with a realistic degree of disorder ͑ / ͑k B T͒ = 4 to 6 at room temperature͒ the carrier concentration is in a large part of the device larger than the cross-over concentration c ‫ء‬ = ͑1 / 2͒exp͓− 2 / 2͔ ͓ϳ10 −4 to 10 −8 for / ͑k B T͒ = 4 to 6 ͑Ref. 25͔͒. As will be demonstrated further below, taking the carrier-concentration dependence of the mobility into account is therefore very important.
At very high carrier concentrations, i.e., when the DOS is close to half-filled, the hopping distance for charge carriers toward an unoccupied and energetically favorable site increases and therefore the mobility starts to decrease for c close to 0.5. The effect of the occupation of final states on the mobility is taken into account in Eqs. ͑3͒ and ͑4͒, which provide an excellent description of the numerically exact results given in Ref. 24 up to c Ϸ 0.1. 25 An improved agreement with the exact result at higher concentrations was obtained by introducing a cut-off concentration, c cutoff = 0.1, above which the mobility is assumed to be equal to ͑c cutoff ͒. 28 A second effect which plays a role at high carrier densities is the Coulomb interaction between the carriers. In the numerical calculations of the mobility given in Ref. 24 , on which Eqs. ͑3͒ and ͑4͒ are based, this effect was neglected. The effect of including the Coulomb interaction was addressed by Zhou et al., 44 who showed that it is only significant above c =10 −2 . The high carrier density interface region near the anode where final-state effects and the Coulomb interaction play a role is very thin and has a high conductance. In order to investigate the sensitivity of the analyses given in this paper to the mobility in this region, we have varied the cut-off concentration. For c cutoff in the range 0.01 to 0.5 no significant effect on the J͑V͒ curves was found. Therefore, we conclude that a more refined treatment of final-state effects, and the inclusion of the Coulomb interaction, will not alter the results of the analyses given in this paper. Figure 3͑b͒ shows the results of a best fit to the J͑V͒ curves for the 122 nm device, based on the mobility model described by Eqs. ͑3͒-͑5͒ and using the drift-diffusion device model presented in Ref. 28 . Within the framework of the EGDM, the shape of the temperature-dependent J͑V͒ curves, with J plotted on a logarithmic scale and for V bi larger than approximately 0.3 eV, is fully determined by the "primary" model parameters and N t . The "secondary" model parameters ͑ 0,EGDM and V bi ͒ determine only the position of the J͑V͒ curve. V bi is treated as a temperature-independent parameter. For each temperature, the remaining free parameter is then 0,EGDM ͑T͒. The full curves shown in the figure were obtained using N t =6ϫ 10 26 m −3 and = 0.13 eV. It is clear that also the EGDM excellently describes the J͑V͒ curves of the 122 nm device. It is therefore not possible to discriminate between the conventional mobility model and the EGDM on the basis of an analysis of the temperature-dependent J͑V͒ curves for one single device thickness. Figures 5͑c͒ and 5͑d͒ show the experimental J͑V͒ curves for the three thicknesses investigated, for 295 K and 170 K, respectively, as well as the predictions based on the parameter set that has been deduced from the study of the 122 nm devices, discussed above. It is clear that the EGDM, taking the carrier-concentration dependence of the mobility into account, excellently describes the full thickness and temperature dependence of the hole transport. This is the first complete drift-diffusion analysis of J͑V͒ curves for an organic electronic device using the carrier concentration and fielddependent mobility that follows from the assumption of a Gaussian DOS.
We have investigated the sensitivity of the quality of the fits in Figs. 3͑b͒, 5͑c͒ , and 5͑d͒ to variations of the parameter values using the following procedure: First, the temperaturedependent J͑V͒ curves for the thickest device ͑122 nm͒ have been fitted for values of N t that are a factor of 3 smaller and larger than the optimal value, and for a wide range of values. Subsequently, the range of values considered is narrowed down by fitting the room temperature J͑V͒ curves of the thickest device, leading to optimized values of 0,EGDM and V bi for the selected ͕N t , ͖ combination. For each ͕N t , ͖ combination the built-in voltage as determined for the room-temperature data is used for fitting the data at the other temperatures. It is found that a relatively low N t value leads to a relatively low value and gives rise to good fits only at the highest temperatures, whereas a relatively high N t value leads to a relatively high value and gives rise to a good description of the experimental J͑V͒ curves mainly at the lowest temperatures. The best fits were obtained for N t in the range ͑6 Ϯ 1͒ ϫ 10 26 m −3 , in the range 0.13Ϯ 0.01 eV, and V bi in the range 1.95Ϯ 0.05 V. An overview of these results is given in Table I .
The width of the DOS, 0.13 eV, is close to the value obtained for two different PPV derivatives. 24 The value of is larger than and approximately equal to the values in the ranges 0.06-0.10 eV and 0.09-0.14 eV, respectively, obtained using various forms of the conventional mobility model for the homopolymer poly͑9,9-dioctylfluorene͒ ͑PFO͒ ͑Refs. 7͑c͒ and 39͒ and for various fluorene-amine copoly- and C describe the temperature dependence of the mobility in the zero density and zero-field limit and are defined by Eq. ͑6͒.
Parameter
Value
mers, respectively. 39 We regard the value of obtained from our analysis as a true measure of the width of the DOS for the HT units, as we have found from a study of the HT-unit concentration dependence of the current density that the transport is well in the guest-to-guest hopping regime. 34 We have thus no indication that is an effective width of the cumulative host plus guest DOS. This point of view is consistent with the large ͑ϳ0.6 eV͒ distance between the host and guest HOMO energies, and the relatively small width of the DOS of the PF homopolymer, obtained in the literature ͓Refs. 7͑c͒ and 39͔.
The optimal value of the built-in voltage, 1.95 V, is approximately 0.3 V larger than found for the conventional mobility model. The difference may be understood as a result of the fact that transport in a Gaussian DOS occurs by hopping in between states which are situated a few tenths of an eV below the top of the DOS. The effective onset voltage, at which the current density shows a steep increase with the voltage, decreases therefore with increasing , as demonstrated quantitatively in Ref. 28 . Preliminary modeling of the capacitance-voltage curves, within the framework of the EGDM and using the material parameters given in Table I , leads to a value of V bi that is consistent with the value given in the table. 45 For the thinner devices, the conventional model underestimates the current density at high voltages and at low temperatures, if the model parameters are obtained from an analysis for the thickest device ͑Sec. III A͒. The EGDM provides a much better description to the J͑V͒ curves, for all thicknesses and temperatures. This can be understood from the carrier-concentration dependence of the mobility. In a thin device, the hole concentration at a given voltage is at any relative position x / L larger than in a thick device. As the mobility increases with carrier concentration, the ͑average͒ mobility is larger for a thin device, which leads to a larger current density. Furthermore, a lowering of the temperature leads to a larger value of / ͑k B T͒, enhancing the carrierconcentration dependence of the mobility ͓see Eq. ͑3͒ and Ref. 24͔. Therefore, the deviations between experiment and the predictions made from the conventional model are even larger at low temperatures. For a systematic analysis of this effect, we refer to Ref. 28 . Figure 6 shows the temperature dependence of 0,EGDM , the mobility in the low carrier density and low electric-field limit, which is predicted to be of the form
Here, C is a dimensionless parameter which depends on the wave-function decay length. The figure shows that the temperature dependence of 0,EGDM is excellently described by Eq. ͑6͒, with C = 0.39. This value falls well in the range of C = 0.38 to 0.46, expected for disordered organic semiconductors. 25 Making use of the dependence of C on the wave-function decay length obtained in Ref. 25 , we estimate that it is slightly larger than 0.1ϫ a, with ͑from Table I͒ a = N t −1/3 = 1.2 nm.
IV. 1 Õ T VERSUS 1 Õ T 2 DEPENDENCE OF THE MOBILITY
In Sec. III B it was demonstrated that the EGDM leads to an excellent description of the hole transport. In this section we discuss how it can be understood that many mobility studies on organic semiconductor devices show a 1 / T temperature dependence of the logarithm of the mobility, while other studies, including the present study using the EGDM, predict a 1 / T 2 dependence, as demonstrated in Fig. 6 . We show that this paradoxical situation can be understood within the framework of the EGDM, and we compare the temperature dependence of the mobility as predicted from the EGDM with the results obtained for various other organic semiconductors by Craciun et al., 35 as discussed in Sec. I. A commonly used approach to determine 'the' mobility is by applying the MG square law ͓Eq. ͑2͔͒ to measured J͑V͒ curves, after the application of a built-in voltage correction. An example of such an analysis is shown in the inset of Fig.  2 . The squares in Fig. 7 show the result of this approach, applied to the experimental J͑V͒ curves for the 122 nm devices, shown in Fig. 3 . It is clear that this leads to an apparent 1 / T dependence of the mobility. In fact, the determined mobility is an effective mobility ͑ eff ͒ for this 122 nm device, containing a finite carrier density. It is not equal to the mobility in the low carrier density Boltzmann regime ͑and for a low electric field͒, 0,EGDM ͑T͒, given by Eq. ͑6͒ and indicated in Fig. 7 by a full curve. At room temperature, the difference is already slightly more than a factor of 10.
In principle, it would be possible to directly determine 0,EGDM using the MG square-law approach by making use of a very thick device, as the charge carrier concentration and the electric field are then very low in a very large part of the device. Furthermore, the role of diffusion is then reduced and small errors in the determination of the built-in voltage play a less important role than for the case of a thin device. Recently, Craciun et al. 29 showed that the effective hole mobility in 40 to 320 nm MEH-PPV-based devices, as obtained from the J͑V͒ curves in a manner as described above, indeed increases with decreasing thickness. Using a phenomenological model for the carrier-concentration dependence of the FIG. 6 . ͑Color online͒ Temperature dependence of 0,EGDM , the mobility in the Boltzmann limit and at zero field ͑solid circles͒, obtained from the analysis described in Sec. III B. The full curve gives a fit using Eq. ͑6͒ with C = 0.39. mobility, the effective mobility at room temperature was argued to be enhanced by a factor of 2.5 as compared to the mobility in the low-carrier density limit. For the blueemitting polyfluorene-based polymer investigated in this paper, we have obtained a qualitatively similar result. In order to investigate this issue more quantitatively, within the EGDM, we have calculated the temperature-dependent effective mobilities for 1-and 10 m-thick devices ͑circles and triangles, respectively, in Fig. 7͒ , using the model parameters given in Table I . The inset in the figure shows how, for the case of a 1 m device at 295 K, the effective mobility is determined using the MG square-law approach from the J͑V͒ curve. It is clear from Fig. 7 that also for these thicker devices, an approximate 1 / T temperature dependence is obtained within a rather large temperature range below room temperature. For all temperatures used, the effective mobility decreases with increasing device thickness. However, even for a 10 m-thick device eff ͑T͒ is still significantly larger than 0,EGDM ͑T͒ throughout the entire temperature range studied. At room temperature, eff is approximately 2 ϫ 0,EGDM . We thus conclude that only for thicknesses that are unrealistically large for OLEDs, the MG approach could be used to obtain the mobility in the low carrier density and low electric-field limit. For more realistic thicknesses, in the order of 100 nm, a full analysis of the temperature and thickness-dependent J͑V͒ curve is needed using the EGDM.
These results are fully consistent with the theoretical predictions from Coehoorn et al. 25 for transport in a Gaussian DOS, viz. that for carrier concentrations above a crossover value c ‫ء‬ ͑see Sec. III B͒ the logarithm of the mobility shows an effective 1 / T temperature dependence for a rather broad temperature range. For the polyfluorene-based material studied in this paper, c ‫ء‬ = 1.5ϫ 10 −6 at room temperature. It is striking, though, that this does not only hold for the temperature dependence of the mobility at a specific carrier concentration, as in Ref. 25 , but apparently also for the effective mobility of a complete device in which the carrier concentration depends strongly on the position x in the device. This explains why commonly used methods to determine the mobility, such as dark-injection transient measurements, steadystate J͑V͒ measurements, admittance spectroscopy measurements, and even time-of-flight measurements on relatively thick samples, often lead to an apparent 1 / T temperature dependence of the mobility, even when there is clear evidence of the predominant role of disorder.
As discussed already in Sec. I, a 1 / T dependence of the mobility has often been observed, which has been viewed as an indication that the activation energy for the hopping transport is related to the energy associated with polaron formation. We argue, however, that the finding of a 1 / T dependence can be well explained by taking energetic disorder into account, as described by a Gaussian DOS. For the material studied here, the mobility can be only consistently modeled assuming a predominant role of the energetic disorder, as demonstrated in Sec. III. This indicates that the effective activation energy related to the disorder, E A,disorder , is large as compared to the activation energy associated with polaron hopping, E A,pol . Following Bässler 46 and Fishchuk, 47 the total effective Arrhenius activation energy for charge carrier hopping may be written as
Here, E pol,b is the polaron binding energy, and C is a dimensionless number as defined ͑within the EGDM͒ in Eq. ͑6͒. For the material studied in this paper, E A,disorder Ϸ 0.52 eV at room temperature. Our analysis thus implies that E A,pol is much smaller than 0.5 eV. In this sense, the situation is similar as in PPV, for which Ϸ 0.14 eV ͑Ref. 24͒ so that E A,disorder Ϸ 0.5-0.6 eV, whereas E A,pol is much smaller than 0.05 eV ͑using the theoretical value E pol,b Յ 0.05 eV found by Meisel et al. 48 ͒. Figure 7 shows that the 1 / T dependence of log͑ eff ͒ breaks down at low temperatures, i.e., below approximately 170 K for the system studied. Also this finding is consistent with the predictions given by Coehoorn et al. in Ref. 25 . We regard this change of slope as a result of a gradual transition from the nearest-neighbor hopping regime to the variablerange hopping regime at low temperatures.
In conclusion, it is predicted from the EGDM that over a large temperature range the effective mobility shows ͑i͒ a 1 / T dependence, ͑ii͒ is layer thickness dependent, and ͑iii͒ extrapolates to a 1 / T 2 dependence for sufficiently large thicknesses. The EGDM, within which all our temperature and layer thickness dependent results can be consistently described, does not predict that the effective mobility would extrapolate to a layer thickness independent universal value for 1 / T → 0, as was suggested by Craciun et al.
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V. SUMMARY AND CONCLUSIONS
We find that the current-voltage curves of hole-only devices containing a blue-emitting polyfluorene-based copolymer can be consistently described, for a wide range of temperatures and layer thicknesses, using a drift-diffusion device model within which the mobility is described using the extended Gaussian disorder model. Within a conventional model, which neglects the carrier-concentration dependence of the mobility and which treats the field dependence using a Poole-Frenkel factor, good descriptions of the J͑V͒ curves can be obtained for a single layer thickness, but not simultaneously for all thicknesses studied. We note that this conventional approach has been proposed in many earlier studies. See, for example, Refs. 8, 12, 14-18, 39, and 42. The model parameters as obtained using the EGDM, summarized in Table I , have realistic values. The width of the DOS, = 0.13 eV, is in the range of values found previously for disordered organic semiconductors. 10, 12, 14, 24, 39, 49 The site density obtained, N t =6ϫ 10 26 m −3 , may be compared with the estimated volume density of copolymerized hole transporting units, ϳ1.8ϫ 10 26 m −3 . 34 The analysis is supported by the observation that a 1 / T 2 temperature dependence of the mobility in the low carrier density and field limit has been found of the form 0,EGDM ϰ exp͑−C 2 ͒, with C = 0.39, which is consistent with theoretical predictions given in Ref. 25 .
We have shown that analyses of the J͑V͒ curves using ͑incorrectly͒ a Mott-Gurney square-law approach lead to effective mobilities which ͑on a log scale͒ vary with temperature as 1 / T, and that these mobilities are layer thickness dependent. Only for unrealistically large thicknesses, of 10 m or larger ͑depending on the temperature͒, the mobility as obtained in this way is close to 0,EGDM . Due to this layer thickness dependence, the values of eff , as obtained from a study for one layer thickness, are not a proper basis for the modeling of OLEDs. Our study thus shows that the often-found 1 / T dependence of eff can be explained within the EGDM, whereas the more fundamental mobility parameter 0,EGDM varies as 1 / T 2 . We believe that our work thereby contributes to solving the long-standing controversy concerning the temperature dependence of the mobility.
